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Abstract.  
Heat and moisture production (HMP) values are used to size ventilation fans in animal housing. The HMP 
values that are currently published in the ASABE standards were from data published in 1975. This study is 
one of a series of studies being conducted to update the HMP values for the ASABE and ASHRAE (American 
Society of Heating Refrigeration, and Air Conditioning Engineers) Standards. This study focused on the HMP 
measurements on nursery and growing pigs in the weight range of 8 to 44 kg. Ninety-six nursery pigs were 
randomly assigned to one of 24 pens (4 pigs /pen) and subjected to one of four temperatures between 25 and 
35°C. Forty-eight growing pigs were penned in groups of 2 and subjected to one of four temperatures between 
18 and 33°C. Heat production rate (HP) was determined using indirect calorimetry methods, after the animals 
were acclimated for a minimum of 1 week to a particular temperature. Each measurement was made on a pen 
of animals (either 2 or 4 pigs/pen) over a 21-hr period.  It was determined that HP decreased and moisture 
production (MP) increased as environmental temperature increased. In the nursery age piglets, the level of 
feed consumption had a greater impact on HP than temperature. Dynamic measurements showed a diurnal HP 
pattern; HP was higher during light period than during dark period, with an immediate increase as the lights 
were turned on. 
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Introduction 
 
Maintaining building environments is critical for efficient pig growth and well-being especially for nursery and 
small growing piglets (Midwest Plan Service, 1987). In order to maintain proper building environment, 
ventilation systems are designed using heat and moisture production rates from animals and their 
environments.  Many factors influence heat and moisture production including animal genetics, nutrition (diet 
composition and level of feed consumption), and type of production facility (heater type, waste handling 
system, sprinkle cooling, etc.).   
American Society of Heating, Refrigeration, and Air Conditioning Engineers and the American Society of 
Agricultural and Biological Engineers publishes standards, which report the heat and moisture production data 
for different species and different weights of livestock and poultry.  The heat and moisture production data for 
nursery age piglets is a result of a study published by Ota et al., (1975).  A literature review published by 
Brown-Brandl et al., (2004) found heat production rates of the swine have increased with the increase of lean 
tissue accretion of the modern swine.  The results of the literature review suggested that heat production rates 
have increased between 12 and 35% between data collected prior to 1988 and from 1988 to 2004.  In addition, 
a study by Harmon et al., (1997) found that heat production of early-weaned pigs was substantially higher than 
reported in the standards. 
The objectives of this study were to determine the heat and moisture production rates of nursery age piglets 
and growing pigs with respect to weight and environmental temperature. 
Material and Methods 
Ninety-six piglets (½ Landrace, ¼ Duroc & ¼ Yorkshire) averaging 6.4 (±1.2) kg were selected on the basis of 
weight and health status, and randomly assigned to one of 24 pens (1.3m x 1.3m each; 2 gilts and 2 barrows 
per pen) in one of four environmental chambers (6 pens/chamber).  The piglets within a single chamber were 
exposed to one of four environmental temperature treatments (20, 25, 30, 35°C).  After a minimum of 7 days of 
adaptation to the assigned environmental temperature, over a two-week period each pen of 4 piglets was 
moved to the adjacent indirect calorimeters operated at the same environmental temperature and humidity 
where heat and moisture production rates were quantified for a 21-hr period.  Each day, one pen of piglets from 
each of the four chambers was moved to the calorimeters.  Calorimetry measurements were taken three days 
per week.  After the calorimetry measurements were completed, the temperature treatment was changed in 
such a way that all groups of pigs were exposed to 2 of the 4 treatments during this 4-week experiment.  The 
lighting schedule was set to provide a 12-hr photoperiod of 6:00 AM to 6:00 PM in all chambers and 
calorimeters.  Pigs had ad libitum access to feed and water at all times. 
After the completion of the nursery piglet study, half of the piglets were selected to remain on the study.  Forty-
eight piglets averaging 21.6 (± 0.44) kg were selected on the basis of weight and health status.  Piglets 
retained for this study were used in a previous set of measurements, and remained in the previously assigned 
pen – two piglets were removed from each pen leaving 2 piglets in each of 24 pens (1.3m x 1.3m each; 1 gilt 
and 1 barrow per pen) in one of four environmental chambers (6 pens/chamber).  The piglets within a single 
chamber were exposed to one of four environmental temperature treatments (18, 23, 28, 33°C).  After a 
minimum of 14 days of adaptation to the assigned environmental temperature, each pen of 2 pigs was moved 
to the one of four indirect calorimeters operated at the same environmental temperature and humidity where 
heat and moisture production rates were quantified for a 21-hr period.  As in the previous study, three days 
each week, one pen of pigs from each of the four chambers was transferred to the corresponding calorimeter.  
After the 21-h calorimetry measurements were completed, each pen of pigs was assigned to a different 
temperature treatment such that all groups of pigs were exposed to 2 of the 4 treatments during this 4-week 
experiment.  The lighting schedule was set to provide a 12-hr photoperiod of 6:00 AM to 6:00 PM in all 
chambers and calorimeters.  Pigs had ad libitum access to feed and water at all times.  
Quantification of heat and moisture production was completed in the 4-chamber, multiple temperature indirect 
calorimeter as described in Brown-Brandl et al. (2011).  On each day of calorimetry measurement, four pens of 
either 4 pigs/pen or 2 pigs/pen were moved from their pens into a predetermined calorimeter set at the same 
temperature and humidity as their respective chamber.  Each of the pigs was weighed individually before and 
after each calorimeter run.  A known amount of fresh feed was added to the feeder before the animals were 
placed in the calorimeter.  The feed was removed and weighed and the calorimeter pen was cleaned after each 
run.  Calorimeter runs began at 10:30 AM, and ended at 7:30 AM the following morning.  Approximately one-
hour was needed to move and weigh pigs and clean pens, and then two hours were needed to allow the gas 
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concentrations to equilibrate within the calorimeters. 
Two cumulative gas samples from each calorimeter and one fresh air sample were collected over the 21-hr run 
time and analyzed as a single sample.  Additionally, dynamic samples (every 10 minutes) were analyzed 
during the calorimetry run.  Calorimeter accuracy was verified prior to the conducting the experiment with 
alcohol lamps.  All calorimeter chambers were verified to be within a target goal of 98.5 to 101.5% accuracy.  
All calorimeters were again verified to be within the expected accuracy range after the study was completed. 
Heat and moisture production data were analyzed using the general linear model procedure in SAS/STAT®.  
The effects of weight, calorimeter, feed intake, the number of times through the calorimeter, and ambient 
temperature were tested.  A second analysis was completed to using proc GLM to develop a prediction 
equation for heat and moisture production based on weight and ambient temperature.  The third analysis was 
completed to discern differences in dynamic responses.  A repeated measures analysis was conducted to test 
the effects of time (average hourly HP) and ambient temperatures. 
Results and Discussion 
Nursery Piglets 
Over a 4-wk period, 48-measurements (each measurement is one 21-hr period in the calorimeter) of heat and 
moisture production were made on groups of four piglets held at average treatment temperatures of (average ± 
standard deviation) 19.6±0.62, 24.6±0.57, 29.3±0.7, and 33.9±0.4, with respective dew-point temperatures of 
10.5±0.81, 11.5±0.99, 12.7±0.97, and 13.4±1.85°C.  
The piglet gained 269±90 g/day prior to the first calorimetry measurement, and 475±99 g/day between the two-
calorimetry measurements.  During the first period, there were no differences between the temperature 
treatments.  However, during period 2, the gain of the pigs in the 35°C treatment was significantly lower than 
the other temperatures.   
 
Table 1.  Average daily gain (ADG, g/day) for period 1 – time period entering the chambers to first calorimetry 
run, period 2 – time period between the two calorimetry runs, and overall average throughout experiment. 
 Period 1 Period 2 Overall 
Temp, °C ADG, g/day ADG, g/day ADG, g/day 
20 273±20 512±19a 392±14a 
25 283±19 485±19a 384±14ac 
30 253±19 478±19a 366±14abc 
35 266±19 426±19b 346±14b 
 
A summarization of HP (W/kg), MP (W/kg), feed consumption (kg/day), and RQ as affected by environmental 
temperature is shown in table 2.  Live body weights averaged 9.23±0.6, 16.0±0.9 kg at each of the two 2-week 
periods. 
Table 2.  Mean and standard errors of heat production (HP), Latent heat production (w/kg), moisture production (MP), feed intake 
(FI), and respiratory quotient (RQ = CO2/O2) of Nursery pigs averaged over the entire weight range at different environmental 
temperatures (Tdp= 10 – 13 °C).  
Temp, °C HP, W/kg LHP, W/kg MP, % of HP FI, kg/day/pig RQ 
20 4.95±0.11a 1.63±0.11a 34.2±2.8a 0.61±0.6 1.00±0.015 
25 4.68±0.11ab 2.24±0.13b 49.6±3.3b 0.58±0.6 0.99±0.015 
30 4.74±0.10ab 2.93±0.14c 63.2±3.2c 0.58±0.6 1.02±0.014 
35 4.55±0.12b 3.93±0.14d 87.3±3.6d 0.61±0.7 1.02±0.016 
a,b,c  Means within a single column with differing superscripts are significantly different (P<0.05). 
 
Heat production (W/kg) was significantly affected by the amount of feed consumed  (P<0.0001) during the 
calorimetry run and tended to be affected by temperature treatment (P=0.10) and average piglet weight 
(P=0.0538).  Respiratory quotient tended to be affected by feed consumed during the calorimetry run (P=0.073) 
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and number of visits to the calorimeter (P=0.10).  Equation 1 calculates the HP of nursery age piglets between 
the weights of 9 and 16 kg where HP is heat production in W/kg, ta is ambient dry-bulb temperature (°C), and 
wt is piglet weight in kg. 
 
Log(HP [W/kg]) = 0.715 (±0.081) - 0.0025 (±0.001)ta + 0.0211 (±0.062)log(wt) (Eq. 1) 
 
The moisture generation is calculated by summing the condensate collected from the cooling coils in the 
calorimeter, and the difference in the moisture content of the air entering and leaving the calorimeter.  While 
the quantification is considered to be representative of the pig’s latent heat loss, there is evaporation from wet 
surfaces within the calorimeter, which contributes to the total MP. Therefore, the MP in the calorimeter would 
not be representative of a production facility, as the waste handling system can be a significant contribution to 
the overall moisture load within a facility and is not accurately simulated within the calorimeter.  The moisture 
production (percent of total heat production and latent heat production (W/kg) was significantly affected by 
temperature treatment (P<0.0001).  Table 2 summarizes the latent heat production and percent of total heat 
production, as a function of environmental temperature.  A comparison of total heat production and latent heat 
production is shown in Figure 1.  The MP figure was generated from the following equation where LHP is latent 
heat production in W/kg, wt the piglet weight in kg, ta is the ambient dry-bulb temperature in °C: 
 
LHP=- 2.26 (±1.09) + .194 (±0.042) ta + 0.0679 (±0.085) wt - 0.0034 (±0.0034) ta wt (Eq. 2) 
 
 
Figure 1. Comparison of total heat production and latent production of nursery age piglets as affected by environmental 
temperature and body weight.   
 
The HP found in this study is 5% higher than Ota et al., (1975), the basis of ASABE/ASHRAE standards.  
However, Harmon et al (1997) reported a 33% increase in HP over the standards values.  The current study 
reported a 28% lower HP than Harmon et al (1997) report.  Actually, there is little evidence that HP has 
increased over time from 1957 to present, unlike in the older pigs (Table 3).  It appears that weaning age has a 
larger impact on heat production than year the experiment was conducted.  Pigs weaned between 10 - 16 days 
had an average HP 23%, 28%, and 35% higher than pigs weaning between 22 - 28 days for pigs weighing 4-6 
kg, 6-9 kg, and 9-12 kg, respectively.  This difference in HP between weaning age is most likely due to the 
piglets acclimating to eating solid food.  The more feed that is consumed the higher the heat production (Close 
and Mount, 1978).   
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Also, it was noted that temperature only tended to affect heat production in nursery age piglets, unlike the other 
weight ranges of pigs (Brown-Brandl et al., 2011, Nienaber et al., 2008).  However after investigating several 
nursery piglet studies (Cairnie and Pullar, 1957, Ota et al., 1975, McCracken and Caldwell, 1980, LeDividich et 
al., 1980, Harmon et al., 1997), it appears that there are very little differences between temperatures.  It 
appears feed intake tends to have the largest impact.  While piglets are temperature sensitive, feed intake is 
not necessarily driven by temperature (Table 2) as for other weight ranges of pigs (Brown-Brandl et al., 2011; 
Nienaber et al., 2008). 
 
Table 3.  Comparison of heat production measurements from several nursery pig studies conducted from 1957 
to current. 
  4 to 6 kg 6 to 9 kg 9 to 12 kg 
 Weaning 
age (d) 
25 30 >23 25 30 >23 25 30 
Cairnie and Pullar, 1957 10 4.8 4.5 5.6 5.4 5.3 5.6 5.7 5.7 
Ota et al., 1975 28 --- 3.3 --- 4.5 --- --- 4.5 --- 
McCracken and Caldwell, 
1980 
10 5.7 --- 6.1 5.5 --- --- --- --- 
LeDividich et al., 1980 20 - 28 --- --- 4.1 3.8 3.4 --- --- --- 
McCracken and Gray, 1984 14 4.5 4.4 6.3 --- 6.0 6.6 --- 6.3 
28 --- --- --- 3.7 3.6 4.7 4.5 --- 
Harmon et al., 1997 13 - 16 5.6 5.1 5.8 6.0 5.7 6.3 6.4 5.7 
This Study* 22 - 24 --- --- --- --- --- 5.0 4.7 4.6 
* Pigs in this study weighed between 9 and 16 kg.   
 
Circadian Rhythm 
 
In addition to a daily values of heat production, a gas sample was analyzed from each of the calorimeters, and 
the fresh air sample every 10-minutes to give an understanding of the diurnal effects of heat production.  Heat 
production calculations are more accurate with a carefully controlled procedure, as completed when analyzing 
the subsets of air collected over 21 hours.  The dynamic, 10-min HP values depended on the same analyzers, 
air volume meters and associated line temperature and pressure sensors, however, an the oxygen analyzer is 
affected by changes in the barometric pressure. Therefore, all 10-min readings were adjusted by the ratio of 
the average of all 10-min readings to the overall HP measurement of the 21-hr subsample. Comparison of 
those averages and the adjustment ratios were within 5%. 
 
Those corrected readings were summarized as hourly HP (Figure 2) over the 21-hr period from 10:30 AM 
through 7:30 AM the following morning.  For the nursery pigs there was not a significant difference in HP based 
on the temperature, unlike the other weight ranges of pigs.  However, the nursery pigs had a similar pattern in 
dynamic HP as the other weight ranges of pigs; HP increased prior the lights turning off and the minimum HP is 
the time which lights turn on.  These increases is most likely due to active (anticipatory) feeding was observed 
during this late afternoon period. As this increase in heat production has been associated with changes in 
eating behavior (Nienaber et al., 1990) and total time spent being active (Pedersen and Rom, 2000).   
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Figure 2. Circadian rhythm of heat production of nursery piglets after a minimum of a 7-day acclimation to one 
of four temperature treatments (20, 25, 30, 35 C), (Yellow bars indicate period of the day with the lights on.). 
No significant difference was found between temperature treatments 
 
Growing Pigs 
In the second study, forty-eight measurements (each measurement is one 21-hr period in the calorimeter) of 
heat and moisture production were made over a 4-week period on groups of two piglets.  The average 
temperatures of the four treatments were 17.5±0.54, 22.5±0.57, 27.1±0.9, and 32.2±0.5 (average ± standard 
deviation), with respective dew-point temperatures of 10.1±0.44, 11.1±0.67, 11.7±0.51, and 13.0±0.90°C.  
Table 4 is a summarization of HP (W/kg), MP (W/kg), feed consumption (kg/day), and RQ as affected by 
environmental temperature. Live body weights averaged 27.4±3.7, 38.8±2.7 kg at each of the two 2-week 
periods.  
The piglets gained 773±180 g/day prior to the first calorimetry measurement (Period 1), and 789±140 g/day 
between the two-calorimetry measurements (period 2).  During the first period, the gain in the 33°C treatment 
was significantly lower than the other temperature treatments (table 5).  Similar results were observed during 
period 2; the gain of the pigs in the 33°C treatment was significantly lower than the 18 or 23°C temperatures.  
Overall, a significantly lower average daily gain was observed in both the 28 and 33°C treatments. 
 
Table 4.  Mean and standard errors of heat production (HP), Latent heat production (w/kg), moisture production (MP), feed intake 
(FI), and respiratory quotient (RQ = CO2/O2) of Nursery pigs averaged over the entire weight range at different environmental 
temperatures (Tdp= 10 – 13 °C).  
Temp, °C HP, W/kg LHP, W/kg MP, % of HP FI, kg/day/pig RQ 
18 4.18±0.10a 1.26±0.13a 30.5±3.0a 1.44±0.10a 1.06±0.01 
23 4.07±0.09a 1.56±0.13a 39.0±2.9b 1.26±0.10a 1.08±0.01 
28 3.79±0.10b 2.21±0.13b 58.2±2.9c 1.24±0.10a 1.08±0.01 
33 3.66±0.10b 2.98±0.16c 83.0±3.7d 0.95±0.09b 1.05±0.01 
a,b,c  Means within a single column with differing superscripts are significantly different (P<0.05). 
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Table 5.  Average daily gain (ADG, g/day) for period 1 – time period entering the chambers to first calorimetry run, period 2 – time 
period between the two calorimetry runs, and overall average throughout experiment. 
 Period 1 Period 2 Overall 
Temp,° C ADG, kg/day ADG, kg/day ADG, g/day 
18 0.821±0.04a 0.849±0.04a 0.835±0.03a 
23 0.870±0.04a 0.837±0.04a 0.853±0.03a 
28 0.763±0.04a 0.776±0.04ab 0.769±0.03b 
33 0.637±0.04b 0.677±0.04b 0.657±0.03c 
Heat production (W/kg) was significantly affected by the amount of feed consumed  (P=0.0015), temperature 
treatment (P=0.0040), and tended to be affected by number of times in the calorimeter (P=0.09).  Respiratory 
quotient was significantly affected the amount of feed consumed during the calorimetry run (P=0.0004) and the 
number of times in the calorimeter (P=0.0357).  Latent heat production was affected by temperature treatment 
(P<0.0001), number of times through the calorimeter (P=0.0376), and tended to be affected by the interaction 
of these two factors (P=0.0946).  The ratio of LHP to HP (MP, % of HP) was significantly affected by only 
temperature treatment (P<0.0001).  Piglet weight (P=0.0245), temperature treatment (P=0.0081), and number 
of times in the calorimeter (P=0.0092) significantly effected feed consumed during the calorimetry run.  
Equation 1 calculates the HP of growing piglets between the weights of 20 and 40 kg where HP is heat 
production in W/kg, ta is ambient dry-bulb temperature (°C), and wt is piglet weight in kg. 
 
Growing Pigs: 
Log(HP [W/kg]) = 1.288 (±0.090) - 0.005 (±0.001)ta - 0.371 (±0.058)log(wt) (Eq. 3) 
 
A graphical representation of equations 3 and 4 are shown in Figure 3.  It is noted that HP decreases with body 
weight and with increasing temperature.   
 
Moisture production was quantified as the sum of the condensate collected over the 21-hr period within the 
calorimeter and the change in moisture content of the air passed through the system. While the quantification is 
considered to be representative of the pig’s latent heat loss, there is evaporation from wet surfaces within the 
calorimeter, which contributes to the total MP. The MP in the calorimeter would not be representative of a 
production facility, as the waste handling system contributes to the overall moisture load within a facility and the 
waste handling system is not accurately simulated within the calorimeter.  The MP figure was generated from 
the following equation (where LHP= latent heat production in W/kg, wt=weight in kg, ta=ambient temperature in 
°C): 
 
LHP=-1.64 (±1.42) + .173 (±0.061) ta + 0.021 (±0.043) wt - 0.0016 (±0. 0018) ta wt  (Eq. 4) 
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Figure 3.  A comparison of total heat production and latent heat production from piglets in the weight range of 20 – 40 kg. 
 
 
On average HP of growing pigs was found to be 9.5% higher than the current standards.  The current HP 
ranges from 9% lower than the current standards to 24% higher than the current standards.  It appears that the 
lighter weight pigs at the lower temperatures tended to match the standards.  The pigs in the current study 
were more impacted by the higher temperatures than the standards indicate; therefore, the lighter weight pigs 
at 25 – 30°C were 3% and 9% lower than the standards.  The heavier weight the pigs in the current study had 
HP close to 20% higher than the standards.  The heavier pigs at the lower temperatures had the largest 
increase 24-23% higher than the standards, and the higher temperatures were 19% and 12% higher than the 
standards. 
 
Circadian Rhythm 
Heat production was determined at 10 min intervals over the course of the 21-hr calorimetry run.  These 
observations were used to evaluate the circadian rhythm in HP.  Average HP as computed from the analysis of 
the sample bags over the 21-hr period.  During the analysis of these sample bags, the analyzers were carefully 
calibrated and the accuracy was reflected in the system recovery tests with the burning of alcohol (1.5% 
accuracy). The dynamic, 10-min HP values depended on the same analyzers, air volume meters and 
associated line temperature and pressure sensors except that barometric pressure changes could lead to 
erroneous oxygen concentration readings over time. Therefore, all 10-min readings were adjusted by the ratio 
of the average 10-min reading to the overall average measurement for each calorimetric run. Comparison of 
those averages and the adjustment ratios were within 5%. 
 
Those corrected readings were summarized as hourly HP (Figure 4) over the 21-hr period from 10:30 AM 
through 7:30 AM the following morning. For each hourly HP value, there was a strong temperature effect 
(P=0.0220). The 18°C treatments consistently had the highest HP, followed by the 23°C treatment.  The 28°C 
treatment had the third highest temperature treatment, but was similar to the 33°C treatment during several of 
the hours over the day.  The heat production general increased until the lights were turned off 6PM (between 
the 7th and 8th hr measurement of the day).  After the lights were turned off, the heat production gradually 
decreased until the lights were turn back on at 6AM (between 19th and 20th hr measurement).  The general 
activity level of the pigs and the intake of feed during the lighted hours could explain the higher heat production 
during this time period.  This pattern was observed in the other ages of pigs as well.  
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Figure 4. Circadian rhythm of heat production of growing pigs (average over the all body weights) exposed to four different 
temperatures after a minimum of a 7-day acclimation (Yellow bars indicate period of the day with the lights on.) 
Conclusion 
A study was completed to quantify heat and moisture production (HP, MP) of nursery and growing piglets 
exposed to a variety of dry-bulb temperatures (nursery: 20, 25, 30, 35; growing 18, 23, 28, 33).  Heat 
production of the nursery age piglets was affected by feed intake with a tendency to be affect by temperature 
(P=0.10) and pig weight (P=0.054).  While, the heat production of the growing piglets was affected by 
temperature and body weight (P<0.01).  Two equations were developed to predict HP based on temperature 
and pig weight one for the nursery piglets and the other for the growing pigs.  Heat production of this growing 
pig was found to be approximately 9.5% higher than the standards, while the heat production of the nursery 
piglets was approximately 5.0% higher than the standards.  It was determine that weaning age impacts the 
heat production at a given age.  The dynamic HP data was found to vary throughout the data, with the highest 
HP occurring prior to lights out, and the lowest heat production occurring around the time the lights were turned 
on.  This study was in agreement with other studies that the HP of modern pigs is higher than the HP and MP 
values in the literature “standards”. 
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